We present results from the analysis of 2997 fundamental mode RR Lyrae variables located in the Small Magellanic Cloud (SMC). For these objects near-infrared timeseries photometry from the VISTA survey of the Magellanic Clouds system (VMC) and visual light curves from the OGLE IV survey are available. In this study the multi-epoch K s -band VMC photometry was used for the first time to derive intensityaveraged magnitudes of the SMC RR Lyrae stars. We determined individual distances to the RR Lyrae stars from the near-infrared period-absolute magnitude-metallicity (P M Ks Z) relation, which has a number of advantages in comparison with the visual absolute magnitude-metallicity (M V − [Fe/H]) relation, such as a smaller dependence of the luminosity on interstellar extinction, evolutionary effects and metallicity. The distances we have obtained were used to study the three-dimensional structure of the SMC. The distribution of the SMC RR Lyrae stars is found to be ellipsoidal. The actual line-of-sight depth of the SMC is in the range from 1 to 10 kpc, with an average depth of 4.3 ± 1.0 kpc. We found that RR Lyrae stars in the eastern part of the SMC are affected by interactions of the Magellanic Clouds. However, we do not see a clear bimodality in the distribution of RR Lyrae stars as observed for red clump (RC) stars.
INTRODUCTION
The Small Magellanic Cloud (SMC) is a nearby dwarf irregular galaxy. It is part of the Magellanic System (MS) which also comprises the Large Magellanic Cloud (LMC), the Mag-2 T. Muraveva et al. first-overtone mode (RRc) or both modes simultaneously (RRd). RR Lyrae stars are abundant in globular clusters and in the halos of galaxies. They could serve to study the structure, interaction history and the distance to the parent systems because they follow an absolute magnitudemetallicity (MV − [Fe/H]) relation in the visual band and infrared period-luminosity (P L) and P L-metallicity (P LZ) relations.
The three-dimensional structure of the SMC as traced by RR Lyrae stars has been the subject of a number of studies (e.g. Graham 1975; Soszyński et al. 2010; Subramanian & Subramaniam 2012; Haschke et al. 2012; Kapakos & Hatzidimitriou 2012; Deb et al. 2015; Jacyszyn-Dobrzeniecka et al. 2016 , Deb 2017 . Graham (1975) analysed 76 SMC RR Lyrae stars finding that these objects are distributed smoothly and do not show a strong concentration in the bar or in the centre of the SMC. Soszyński et al. (2010) published the catalogue of RR Lyrae stars observed in the SMC by the third phase of the Optical Gravitational Lensing Experiment (OGLE III) and concluded that the distribution of RR Lyrae stars in the galaxy is roughly round on the sky with two maxima near the centre. Subramanian & Subramaniam (2012) analysed the relative positions of different regions of the SMC inferred from the V and I photometry of the RR Lyrae variables observed by OGLE III. According to this study the SMC RR Lyrae stars have an ellipsoidal distribution and the north-eastern part of the SMC is located closer to us. Similarly, Haschke et al. (2012) used the SMC RR Lyrae stars from the OGLE III survey and found that the RR Lyrae stars show a spheroidal or ellipsoidal distribution with an off-centered and nearly bimodal peak. Deb et al. (2015) found that the north-eastern arm of the SMC is located closer than the plane of the SMC main body. These authors studied the depth along the lineof-sight and concluded that it is larger for the central part of the SMC. Kapakos & Hatzidimitriou (2012) studied a sample of RRab stars located in 14 deg 2 of the SMC and found that the north-eastern part of the SMC has a greater depth. Furthermore, they studied the metal abundance and the spatial distribution of the RR Lyrae variables and suggested that metal-richer and metal-poorer objects in the sample belong to different dynamical structures. JacyszynDobrzeniecka et al. (2016) studied the RR Lyrae stars using OGLE IV data, which covers almost entirely the SMC. They confirm the ellipsoidal shape of the SMC and do not find any sub-structures. However, they detect some asymmetry in the equal density contours in the eastern part of the SMC. Namely, the center of the ellipsoid shifts to east and towards the observer. More recently, Deb (2017) used the sample of the OGLE IV RRab stats to determine the distance, reddening and structural parameters of the SMC.
In all studies mentioned above visual photometry was used to analyse the SMC RR Lyrae stars. In the present study, for the first time, Ks-band multi-epoch photometry from the VISTA survey of the Magellanic Clouds system (VMC) for 2997 RRab stars distributed across a large area (∼42 deg 2 ) of the SMC, was used to probe the galaxy's structure. The near-infrared (K or Ks bands) period-absolute magnitude-metallicity (P MK Z) relation has a number of advantages in comparison with the optical MV − [Fe/H] relation, specifically, a smaller dependence of the luminosity on interstellar extinction (AK =0.114AV ), evolutionary effects and metallicity. It was discovered by Longmore et al. (1986) and later studied by different authors from both a theoretical and an observational point of view (e.g. Bono et al. 2003; Catelan et al. 2004; Di Criscienzo, Marconi & Caputo 2004; Del Principe et al. 2006; Sollima et al. 2006 Sollima et al. , 2008 Borissova et al. 2009; Marconi et al. 2015; Muraveva et al. 2015) . Here we apply the relation from Muraveva et al. (2015) to derive individual distances to RR Lyrae stars in the SMC sample and study the structure of this galaxy.
In Section 2 we provide information about our sample of RR Lyrae variables in the SMC and the data available for these objects from the VMC and OGLE IV surveys. In Section 3 we analyse the P Ks relations for the whole sample of SMC RR Lyrae stars as well as for individual VMC tiles. We present the three-dimensional structure of the SMC as traced by RR Lyrae stars in Section 4. Finally, Section 5 provides a summary of our results and main conclusions.
DATA

The VMC survey
VMC (Cioni et al. 2011 ) is an ongoing imaging survey of the MS in the Y , J, Ks passbands, centred at λ = 1.02, 1.25 and 2.15 µm, respectively. It started in 2009 and observations of the MS were 89% complete as of September 2017, while the observations of the SMC were 100% complete. The survey covers the LMC area (∼105 deg 2 ) with 68 tiles, the SMC (∼42 deg 2 ) with 27 tiles, the MB area (∼21 deg 2 ) with 13 tiles and part of the Stream (∼3 deg 2 ) with 2 tiles. The VMC Ks-band observations are taken over 13 separate epochs: 11 times with an exposure time of 750 s (deep epochs) and twice with an exposure time of 375 s (shallow epochs). Additional epochs may be obtained if observations have to be repeated because the requested sky conditions are not met (Cioni et al. 2011) . Every single deep epoch reaches a limiting magnitude of Ks ∼ 19.2 mag with a signal-to-noise ratio S/N = 5, in the Vega system. VMC reaches a sensitivity limit on the stacked images of Ks = 21.5 mag with S/N = 5. The VMC images are processed by the Cambridge Astronomical Survey Unit (CASU; Lewis, Irwin & Bunclark 2010) . The data are then sent to the Wide Field Astronomy Unit (WFAU) in Edinburgh where the single epochs are stacked, catalogued and ingested into the VISTA Science Archive (VSA; Cross et al. 2012) .
The strategy, main science goals and the first data from the VMC survey were described in Cioni et al. (2011) . Analysis of variable stars based on VMC data was presented in Ripepi et al. (2012a,b) , Ripepi et al. (2016) , Moretti et al. (2016) and Marconi et al. (2017) for classical Cepheids, Ripepi et al. (2014) for Anomalous Cepheids, for Type II Cepheids, in Moretti et al. (2014) for classical Cepheids, RR Lyrae stars and eclipsing binaries (EBs), in Muraveva et al. (2015) for RR Lyrae stars and in Muraveva et al. (2014) for EBs. Using the VMC observations of the red clump (RC) stars Subramanian et al. (2017) and Tatton et al. (2013) studied the structure of the SMC and the 30 Doradus region in the LMC, respectively. Rubele et al. (2015) analysed the star formation history of the SMC using the VMC photometry.
To study the Ks-band light curves of the SMC RR Lyrae stars we used VMC observations in all 27 SMC tiles. We analysed the Ks-band light curves with the GRaphical Analyser of TImes Series (GRATIS), custom software developed at the Observatory of Bologna by P. Montegriffo (see e.g. Clementini et al. 2000) . This software requires at least 11 epochs to model the light curves and properly compute intensity-averaged magnitudes. However, even though all sources located in the analysed tiles are expected to have 13 good quality epochs, stars affected by some problems, such as blending, may not necessarily be detected in all epochs and, thus, have the 11 data points necessary for the analysis with GRATIS. Hence, initially we used all available VMC epochs including observations obtained in nights with sky conditions (seeing and ellipticity) that did not meet the VMC requirements (Cioni et al. 2011) and discarded data points that deviated significantly from the model fit during the analysis with GRATIS. For some stars the model line fits well all data points, hence, we used all available data in the analysis. The VMC coverage of the SMC is shown in Figure 1 , where red boxes represent the 27 SMC tiles (∼ 42 deg 2 ) used in this study. The X and Y axes in Fig. 1 are the coordinates of a zenithal equidistant projection as defined by van der Marel & Cioni (2001) .
The time sampling of the VMC survey and the significantly reduced amplitudes of the light variations in the Ks passband allow us to determine mean Ks magnitudes for RR Lyrae and other pulsating stars with great precision (Ripepi al. 2012a, 2014) . On the other hand, the small amplitude of pulsation in the Ks band complicates the search for new variables based solely on near-infrared data. A method to identify variable stars in the MS based only on the VMC photometry was developed by Moretti et al. (2016) , but it is more suited to search for classical Cepheids. Hence, our study is based only on known SMC variable stars identified by optical microlensing surveys such as OGLE IV (Soszyński et al. 2016 ).
OGLE IV
The initial goal of the OGLE survey was the search for microlensing events, but as a byproduct the survey also discovered a large number of variable stars in the MS and in the MW bulge. The OGLE IV catalogue comprises observations of about 650 deg 2 in the MS obtained between March 2010 and July 2015 with the 1.3 m Warsaw telescope at the Las Campanas Observatory, Chile (Udalski, Szymański & Szymański 2015) . Observations were performed in the Cousins I passband with the number of data points ranging from 100 to 750 and in the Johnson V band with the number of observations ranging from several to 260. The OGLE IV catalogue is publicly available from the OGLE website 1 and contains, among others, 45451 RR Lyrae variables, of which 6369 stars are located towards the SMC (Soszyński et al. 2016) . The catalogue provides right ascension (RA), declination (Dec), mode of pulsation, mean V and I magnitudes, period of pulsation, I-band amplitude, parameters of the Fourier decomposition and time-series V, I photometry.
Among the SMC RR Lyrae variables we selected only RRab stars for our analysis, since RRc and RRd stars have smaller amplitudes and noisier light curves, hence, it is particularly complicated to fit their near-infrared light curves and obtain reliable mean Ks magnitudes. OGLE IV provides information on 4961 RRab stars in the SMC, of which 3484 variables have counterparts in the VMC catalogue within 1 . Among 1477 variables that do not have VMC counterpart within 1 , 1336 are located outside the VMC footprint, while 141 stars are in the VMC footprint but we did not find them likely because of coordinates' uncertainty. Adopting a cross-matching radius of 2 arcsec instead of 1 arcsec we were able to recover VMC counterparts for 100 among 141 stars, and 125 stars are recovered within a radius of 5 arcsec. However, it is risky to add these stars to the sample, since wrong crossmatches could happen. Stars that do not have a VMC counterpart even within 5 arcsec are aligned along the edges of the VMC footprint, located in the gap between VMC tiles 5 3 and 5 4 or are clustered in some kind of holes of the VMC coverage likely caused by saturated MW stars in front of the SMC. However, the percentage of objects that we lose owing to these issues is rather small.
We discarded from the sample of 3484 variables which have counterparts in the VMC catalogue within 1 , stars that have fewer than 11 Ks band epochs (see Section 2.1) and sources observed by VISTA detector 16. Detector 16 is affected by a time-varying quantum efficiency which makes accurate flat fielding impossible (Jarvis et al. 2013 ). This effect is more significant in the shorter wavelength filters but also present in the Ks band. After these cleaning procedures we are left with a sample of 3121 RR Lyrae variables.
We analysed the Ks-band light curves of the 3121 RR Lyrae stars with GRATIS, and derived intensity-averaged magnitudes and amplitudes using the periods provided by OGLE IV. Examples of the Ks-band light curves are shown in Fig. 2 , where black and green dots represent the data points used and discarded from the analysis, respectively. Red lines represent the best fits obtained with GRATIS.
The distribution of the 3121 RR Lyrae stars in the Ks magnitude versus logarithmic period plane is shown in Fig. 3 . The large majority of the stars follow the P Ks relation. However, there is a group of objects that do not follow the P Ks relation and have significantly brighter magnitudes. They are likely MW members or sources blended with close companions. A division between SMC and MW RR Lyrae stars is not provided in the OGLE IV catalogue since Soszyński et al. (2016) pointed out that it was impossible to separate the MW and SMC old stellar populations owing to the interaction between the two galaxies. However, in the current analysis we want to focus on the SMC inner structure. Hence, we perform an approximate separation between the two populations and clean the sample from blended sources. In order to do this we perform a linear nonweighted least squares fit to the whole sample of 3121 RR Lyrae variables (red line in Fig. 3 ) by progressively discarding objects which deviate more than 5σ from the best fit line (122 sources in total, shown by green squares in Fig. 3 ).
We chose a rather large scatter (5σ from the P Ks rela- tion) to distinguish objects that belong to the SMC because the actual dispersion of the P Ks relation in Fig. 3 includes not only the intrinsic dispersion of the relation, but also the scatter caused by the different distances spanned by the RR Lyrae stars in our sample (depth effect). Selecting stars located within a smaller interval, for example 3σ, is risky, since it causes the removal of RR Lyrae variables that actually belong to the SMC but are significantly scattered from the P Ks owing to the large extension of the SMC along the line-of-sight. Of the 122 stars that scatter more than 5σ from the P Ks relation 72 are too bright also in the OGLE IV catalogue and significantly scattered from the P L relation in I band, hence, they are either MW members or stars blended in both, the I and Ks passbands. We discarded them from the following analysis. Additional 50 objects have V and I magnitudes consistent with the distance to the SMC, but too bright magnitudes in the Ks passband. We checked their OGLE and VMC images and found that all of them have close companions and are blended in the Ks band, hence should be discarded. We are thus left with a sample of 2999 RR Lyrae stars. Classification of one of them (OGLE-SMC-RRLYR-1505) was marked as uncertain in the OGLE IV catalogue. Another object (OGLE-SMC-RRLYR-3630) represents two RRab stars with different periods located on the line of sight. We analysed the Ks-band light curve of this star using both periods but we were not able to distinguish which of the two periods is the correct one owing to the small number of data points in the Ks band. After discarding stars OGLE-SMC-RRLYR-1505 and OGLE-SMC-RRLYR-3630 our final sample comprises 2997 RR Lyrae variables, which are shown as black dots in Fig. 1 . Their main properties are presented in Table 3 .
Extinction
The reddening in the SMC has been studied by several authors (e.g. Schlegel et al. 1998; Zaritsky et al. 2002; Israel et al. 2010; Haschke et al. 2011; Subramanian & Subramaniam 2012 , Deb 2017 . In this study we have obtained our own estimation of the reddening for the 2997 RR Lyrae variables in our sample from the difference between their intrinsic and observed colours:
Piersimoni, Bono & Ripepi (2002) developed an empirical relation that connects the intrinsic colour (V − I)0 of RRab stars to the V -band amplitude and the period:
The OGLE IV catalogue provides amplitudes in the I passband. We transformed them to V -band amplitudes using the relation developed as a byproduct during the work for the Gaia first data release (DR1, Clementini et al. 2016 ). The relation was derived using a large sample of RR Lyrae stars which also includes SMC's RR Lyrae variables (Ripepi et al. in preparation) .
The r.m.s. of the relation is 0.03 mag. We calculated the intrinsic colours of the 2997 RR Lyrae variables in our sample using Eqs. 2-3. The uncertainties in (V − I)0 were calculated by error propagation adopting the r.m.s. of Eq. 3 as an uncertainty in Amp(V ). Then we calculated individual reddening values for all 2997 variables using Eq. 1 and V and I apparent magnitudes from OGLE IV. Uncertainties in apparent V and I magnitudes are not provided in the OGLE IV catalogue. Following Jacyszyn-Dobrzeniecka et al. (2016) we assumed their values as 0.02 mag. Reddening values and related uncertainties obtained by this procedure are provided in Table 3 .
For 27 RRab stars in the sample it was not possible to estimate the reddening since their V apparent magnitudes are not available in the OGLE IV catalogue. The mean reddening of the remaining 2970 RR Lyrae variables is E(V − I) = 0.06 ± 0.06 mag. We assigned this mean value to the 27 stars for which a direct determination of reddening was not possible.
Reddening estimates bear uncertainties which may lead to negative reddening values. For 232 stars out of 2997 (8% of the sample) we found negative reddening values. However, 165 of them have reddening consistent with zero within the uncertainties, which means that only 67 variables (2% of the sample) have really negative values. The lowest reddening in the sample is E(V − I) = −0.56 mag, while the median reddening of all stars with negative values is E(V − I) = −0.02 mag. If negative reddening values are ignored, this will skew the distribution towards positive reddening values and lead to biases. By retaining negative reddening values, the uncertainties will be propagated properly. Hence, we keep the negative values as a reflection of the uncertainties in reddening in the following analysis.
We have divided the SMC region in small sub-regions of equal area (0.6 × 0.5 deg 2 ). Only those sub-regions which have at least 10 RR Lyrae variables (3 × Poissonian error) are considered for the analysis. There are 110 sub-regions which satisfy this criterion. The number of stars in subregions ranges from 10 to 60. More specifically, the number of stars is 10−30 in the outer regions and 30−60 in the inner regions of the SMC. Fig. 4 shows the distribution of stars in each of the 110 sub-regions. In Fig. 5 we show the mean extinction values of RR Lyrae variables located in the subregions. The extinction is larger in the eastern/south-eastern parts of the SMC. Our extinction maps are very similar to the extinction maps produced by Subramanian & Subramaniam (2012) and Haschke et al. (2011) using RC stars, and Deb (2017) using RR Lyrae stars. We discuss this in details in Section 4.1.
In order to calculate dereddened Ks,0 magnitudes we applied the relations E(V − I) = 1.22E(B − V ) and AK = 0.114AV (Cardelli et al. 1989 , Caputo, Marconi & Musella 2000 thus obtaining:
The mean extinction AK s of the 2997 RR Lyrae stars in our sample is 0.02 mag, which is significantly smaller than the typical uncertainty of the Ks individual mean apparent magnitudes (0.07 mag). Schlegel et al. (1998) estimated the typical reddening towards the SMC from the median dust emission in surrounding annuli and found the value E(B − V ) = 0.037 mag which corresponds to E(V − I) = 0.045 mag. This value is smaller than the value of reddening estimated in this paper E(V − I) = 0.06 ± 0.06 mag, but is in agreement with it within the errors. Zaritsky et al. (2002) produced an extinction map across the SMC and studied the nature of extinction as a function of stellar population. In particular, these authors derived extinction values for cooler and older stars (5500 K ≤ T ef f ≤ 6500 K) and for hotter and younger stars (12000 K ≤ T ef f ≤ 45000 K). They found that the mean extinction is lower for the cooler population (AV =0.18 mag). This corresponds to AK = 0.02 mag, which is equal to the mean extinction value that we found for our sample of 2997 RR Lyrae stars in the SMC. Israel et al. (2010) estimated the mean internal extinction of the SMC: AV = 0.45 mag, which corresponds to AK = 0.05 mag, hence, higher than the mean extinction AK = 0.02 mag found in this paper for the RR Lyrae stars. Subramanian & Subramaniam (2012) estimated the reddening towards the SMC using RC stars and found the mean value E(V − I) = 0.053 ± 0.017 mag. Haschke et al. (2011) found the mean reddening of the SMC to be E(V − I) = 0.04 ± 0.06 mag using RC stars and E(V − I) = 0.07 ± 0.06 mag from the RR Lyrae stars. Deb (2017) estimated the mean reddening value of the SMC using OGLE IV RR Lyrae stars and found E(B − V ) = 0.056 ± 0.019 mag, which corresponds to E(V − I) = 0.068 mag. All the estimates of the reddening in the SMC based on RC and RR Lyrae stars appear to be consistent with the value found in the present study.
Individual dereddened Ks,0 magnitudes of 2997 RR Lyrae stars in the SMC are listed in column 7 of Table 3 and used in the following analysis to derive the individual distance to each RR Lyrae star in the sample.
PERIOD-LUMINOSITY RELATION
We performed a non-weighted linear least squares fit of the P Ks,0 relation defined by the 2997 SMC RR Lyrae variables in our sample:
Ks,0 = (−3.17 ± 0.08)logP + (17.68 ± 0.02)
We used the non-weighted fit in order to avoid biasing by brighter objects which usually have smaller uncertainties. The fit is shown in Fig. 6 . The r.m.s. of the relation is large (0.17 mag) and could be owing to: metallicity differences, intrinsic dispersion of the P Ks,0 relation or depth effect. The dependence of the K-band magnitude on metallicity has been investigated in a number of studies with a tendency of the theoretical and semi-theoretical analyses (Bono et al. 2003; Catelan et al. 2004 ) to derive a steeper metallicity slope than found by the empirical analyses (Del Principe Sollima et al. 2006 Sollima et al. , 2008 Borissova et al. 2009; Muraveva et al. 2015) . Literature empirical values for the metallicity slope vary from 0.03 ± 0.07 (Muraveva et al. 2015 based on 70 field RR Lyrae variables in the bar of the LMC) to 0.12 ± 0.04 (Del Principe et al. 2006 from the analysis of RR Lyrae stars in ω Cen). Thus, the dependence of the Ks magnitude on metallicity does not seem to be able to explain the large scatter seen in Eq. 5. Hence, we conclude that the large spread observed in the RR Lyrae P Ks relation is mainly caused by the intrinsic dispersion of the relation and by depth effect. A detailed discussion of the SMC line-ofsight depth and the intrinsic dispersion of the P Ks,0 relation is provided in Section 4.2.
To reduce the scatter we calculated the P Ks,0 relations as a non-weighted linear regression by progressively discarding objects that deviate more than 3σ, in each of the 27 SMC tiles selected for the present analysis, separately. The resulting relations are summarised in column 6 of Table 1 and shown in Fig. 7 . The r.m.s. of the relations remains significant (0.13-0.24 mag) even for single tiles and is systematically larger in the inner regions of the SMC. The slope of the P Ks,0 relation in different tiles varies from −1.57 to −4.14. This provides hints of an elongated structure of the SMC, which we studied using individual distances to the 2997 RR Lyrae stars in our sample.
STRUCTURE OF THE SMC
Individual distances of RR Lyrae stars
Using the Fourier parameters of OGLE IV light curves Skowron et al. (2016) estimated individual metallicities on the Jurcsik (1995) and Zinn & West (1984) metallicity scales for 3560 RRab stars in the SMC. We found that 2426 out of 2997 RR Lyrae stars in our sample have individual metallicities estimated by Skowron et al. (2016) . We used the metallicity estimates on the Zinn & West metallicity scale from Skowron et al. (2016) for 2426 RR Lyrae stars in the sample, and to the 571 RR Lyrae stars without an individual metallicity estimate we assigned the mean metallicity of the SMC RRab stars determined by the same authors: [Fe/H]ZW84 = −1.85 ± 0.33 dex. These 571 stars are distributed smoothly in the SMC with a slight concentration in the bar-like feature, where the crowding could have prevented an accurate estimation of metallicity.
We use our dereddened intensity-averaged Ks,0 magnitudes (Section 2.3), periods from the OGLE IV catalogue (Soszyński et al. 2016 ) and metallicities from Skowron et al. (2016) along with eq. 16 from Muraveva et al. (2015) to determine individual distance moduli for each of the 2997 SMC RR Lyrae stars. The P MK s Z relation in Muraveva et al. (2015) was obtained on the metallicity scale defined in Gratton et al. (2004) . Gratton et al. (2004) pointed out that there is no clear offset between the metallicity scales defined in their paper and Zinn & West (1984) metallicity scale, and considered the 0.06 dex difference found for the three calibrating clusters used in their analysis as a possible offset. Hence, we added 0.06 dex to the metallicity values provided by Skowron et al. (2016) . However, the dependence on metallicity of the MK s magnitudes is small (0.03, Muraveva et al. 2015) , hence, a 0.06 dex offset will give only 0.002 mag error to the distance modulus, which is much smaller than typical errors of distance moduli (0.15 mag). Thus, the uncertainty in the offset between two metallicity scales will not affect our final results. Individual distance moduli obtained for the 2997 RR Lyrae stars in the sample are summarised in column 11 of Table 3 .
The weighted mean distance modulus of the 2997 RR Lyrae stars in our sample is (m − M )0 = 18.88 mag, with a standard deviation of 0.20 mag. This is 0.08 mag shorter than derived by de Grijs & Bono (2015) based on a statistical analysis of the SMC distance estimates available in the literature, (m−M )0 = 18.96±0.02 mag, but both determinations are entirely consistent with each other within the mutual uncertainties (standard deviations). It is also shorter than the estimates of the SMC's distance modulus based on classical Cepheids observed by VMC (m − M )0 = 19.01 ± 0.05 mag, (m − M )0 = 19.04 ± 0.06 mag (Ripepi et al. 2016) and (m − M )0 = 19.01 ± 0.08 mag (Marconi et al. 2017) . Note that the mean distance modulus derived in the current study reflects only the statistical distribution of individual distance moduli in the sample, and is not a distance to the centre of the ellipsoid formed by RR Lyrae stars. The derived mean value is significantly affected by the spatial distribution of RR Lyrae stars and cannot be considered as a distance to the SMC. The mean distance modulus derived in the current study corresponds to the mean distance 60.0 kpc. The standard deviation of the mean value is ∼ 5 kpc and reflects the extension of the SMC RR Lyrae star distribution along the line-of sight (see Section 4.2).
We also calculated mean distances to the RR Lyrae stars in each of the 27 tiles, separately (Table 1 ). The derived distance moduli span the range from 18.78 to 18.94 mag. There is a clear trend of tiles located in the eastern and south-eastern parts of the SMC to be closer to us. However, distances to stars in a given tile calculated in this way are approximate, since the same distance is assigned to all stars in a tile. To perform a more accurate analysis of the SMC's structure we used the individual distances of the 2997 RR Lyrae variables. In Fig. 8 we present the distance modulus distributions defined by the individual RR Lyrae stars in each tile. It shows that the eastern regions have asymmetric distributions of the RR Lyrae stars and are located closer to us.
The two-dimensional distribution of distances in the SMC is shown in Fig 9. The upper-left, upper-right, lowerleft and lower-right panels show respectively the closer RR Lyrae stars with (m − M )0 < 18.68 mag, the more distant RR Lyrae stars with (m − M )0 > 19.08 mag, the sample within 1σ error of the mean distance modulus and the total sample. RR Lyrae stars at all distances are distributed smoothly. We cannot see any signature of the bar from the distribution of RR Lyrae stars.
Similarly to Fig. 9 , in Fig. 10 we plot the twodimensional distribution of extinction, AK s , derived in Section 2. Fig. 10 extends from the north-east to south-west and outlines the bar-like feature of the SMC. Thus, although we could not detect the bar from the spatial distribution of RR Lyrae stars (Fig. 9) , the bar-like feature is seen in the two-dimensional distribution of the extinction (Fig. 10 ). Note that a higher extinction in the Wing of the SMC is seen for all RR Lyrae stars except the closest ones, which could mean that the star-forming region is located at a greater distance than (m − M )0 = 18.68 mag. These findings are in agreement with results obtained by Haschke et al. (2011) and Subramanian & Subramaniam (2012) who measured the reddening in the SMC using RC stars detected by OGLE III and found the main concentrations of higher reddening in the bar and Wing of the SMC. Deb (2017) determined individual reddening for OGLE IV RR Lyrae stars and found the south-eastern part of the SMC to contain the regions of the higher extinction, which is in agreement with our findings.
We calculated the centroid of our sample as an average of RA and Dec values of the RR Lyrae stars, and found that it is located at α0 = 00 h 55 m 50 s .97 and δ0 = −72 • 51 29. 27. We divided the whole sample of RR Lyrae stars according to RA in an eastern (RA > α0) and a western (RA < α0) region based on their positions. There are 1473 and 1524 RR Lyrae stars in the eastern and the western regions, respectively. The distance modulus distributions (for a bin size of 0.05 mag) of the RR Lyrae variables in the eastern (blue line) and western (red dotted line) regions of the SMC are shown in Fig. 11 . The two distributions show a difference with an excess (15%) of closer RR Lyrae variables in the eastern region. We note that the error in individual distances has a Structure of the SMC from RR Lyrae stars 9 range from 0.1 to 0.2 mag, with an average error of 0.15 mag. This is larger than the bin size used in Fig. 11 . We changed the bin size from 0.05 to 0.2 mag and we do observe an excess of ∼ 15% closer RR Lyrae stars in the eastern regions for any choice of the bin size.
The mean distances estimated to the eastern and western regions of the SMC are, respectively, 59.56 ± 0.14 kpc and 60.50 ± 0.14 kpc, where errors are calculated as the standard deviation divided by the square root of number of stars in the region. This suggests that the eastern region is ∼ 0.94 ± 0.20 kpc closer to us than the western region. We considered whether this asymmetry could be caused by an overestimation of the extinction in the eastern region. In order to check this possibility we assigned the mean value of extinction derived in Section 2.3 AK s =0.02 mag to all 2997 stars in the sample and derived mean distances to the eastern and western regions of the SMC of 59.57 ± 0.14 kpc and 60.40 ± 0.14 kpc, respectively. These distances are in agreement with the values obtained by applying individual extinction corrections and proves that our distance determination from the Ks magnitudes is not affected by a variation of extinction in the SMC. Furthermore, there is still a difference of 0.83 ± 0.20 kpc between the mean distances of RR Lyrae stars in the eastern and western regions. Thus, the appearance of the eastern region closer to us is not owing to an overestimation of the extinction and rather reflects the actual spatial distribution of the SMC RR Lyrae stars. This is consistent with results obtained by Subramanian & Subramaniam (2012) , Haschke et al. (2012) and Deb et al. (2015) from the study of SMC RR Lyrae stars using the OGLE III data. Recent results from Jacyszyn-Dobrzeniecka et al. (2016) based on RR Lyrae stars using the OGLE IV catalogue do not imply any sub-structures but show some asymmetry in the equal density contours in the eastern part of the SMC. They detect a shift in the centre of the ellipsoidal fit, to RR Lyrae stars in different density bins, towards the east and closer to the observer as a function of radius from the SMC centre. This again suggests that the eastern region of the SMC includes a larger number of closer RR Lyrae stars in the entire OGLE IV data set, in agreement with our results.
Mean distances and line-of-sight depth
The variation of the line-of-sight depth across the SMC can be obtained by measuring the mean distance and standard deviation in smaller sub-regions. We divided the SMC region covered by the 27 VMC tiles into smaller sub-regions of equal area (0.6 × 0.5 deg 2 ), as anticipated in Section 2.3 (110 sub-regions in total). The standard deviation with respect to the mean distance is a measure of the line-of-sight depth. Along with the actual line-of-sight depth in the distribution, the standard deviation has contributions from the intrinsic magnitude spread of RR Lyrae stars owing to errors in photometry and metallicity effect, as well as intrinsic luminosity variations owing to evolutionary effects.
To perform an approximate estimation of the intrinsic magnitude spread we analysed the SMC globular cluster NGC 121. This is the oldest SMC cluster. It contains four RR Lyrae stars (Walker & Mack 1988) , which were confirmed to be cluster's members based on their location close to the cluster's centre and their distribution on the Horizontal Branch of the cluster's CMD (Clementini, private communication) . As part of our analysis we derived dereddened Ks,0 magnitudes for three of them: V32, V35 and V37 (identification from Walker & Mack 1988) . The RR Lyrae star V36 was not included in our analysis since it turned out to be an RRc star according to the OGLE IV catalogue (Soszyński et al. 2016) . We used Ks,0 magnitudes from VMC, periods from the OGLE IV catalogue, the metallicity value of [Fe/H]=−1.51 dex (Zinn & West 1984) and eq. 16 from Muraveva et al. (2015) to determine individual distance moduli of the RR Lyrae stars in NGC 121. The mean distance modulus of NGC 121 from the RR Lyrae stars is (m − M )0 = 18.97 ± 0.07 mag. Since the three variables belong to the same cluster we consider the depth effect negligible, hence, the standard deviation of the mean value, 0.07 mag, represents the intrinsic magnitude spread caused by the effects described above. Clementini et al. (2003) estimated the intrinsic V -magnitude spread of 101 RR Lyrae stars in the LMC caused by the internal photometric errors, metallicity distribution and evolutionary effect as 0.10 mag. Since the dependence of the Ks magnitudes on metallicity and evolutionary effect is smaller than in V band, our estimation of intrinsic dispersion in the SMC as 0.07 mag is reasonable, even though it is based only on three stars.
The actual line-of-sight depth in the 110 SMC subregions is estimated as σ Figs. 12 and 13 show the two-dimensional distributions we obtain for mean distance and actual line-of-sight depth, respectively. The mean distance map clearly shows that the eastern subregions are closer to us, as it was widely discussed above. The actual line-of-sight depth values range from 1 to 10 kpc, with an average depth of 4.3 ± 1.0 kpc. Fig. 13 shows that the largest depth is found in the central regions of the SMC. The standard deviation associated with the mean distance modulus of our entire sample is 0.2 mag (Section 4.1). After correcting for the intrinsic width, this dispersion corresponds to a line-of-sight depth of 5.2 kpc.
The tidal radius of the SMC is estimated as 4 -9 kpc by Stanimirović, Staveley-Smith & Jones (2004) , 7 -12 kpc by Subramanian & Subramaniam (2012) and De Propris et al. (2010) estimated the SMC edge in the eastern direction to be at a radius of 6 kpc. Nidever et al. (2011) found the presence of old/intermediate-age populations at least up to a radius of 9 kpc. All these values are comparable to the 1σ depth of 10 kpc observed in the central regions of the SMC. 
Three dimensional structure of the SMC
The Cartesian coordinates corresponding to each RR Lyrae star can be obtained using the star's RA, Dec coordinates and the distance modulus. We assume the x-axis antiparallel to the RA axis, the y-axis parallel to the Dec axis, and the z-axis along the line-of-sight with values increasing towards the observer. The distance modulus is used to obtain the distance to each star in kpc. The RA, Dec and the distance are converted into x, y, z Cartesian coordinates using the transformation equations given by van der Marel & Cioni (2001) and assuming the origin of the system at α0 = 00 h 55 m 50 s .97 and δ0 = −72
• 51 29. 27. The distance to the origin of the SMC is taken as 60 kpc with standard deviation of 5 kpc (Section 4.1). RA and Dec of each star correspond to the VMC coordinates. The positional accuracy of the VMC survey is ∼ 0.02 . The errors associated with x, y and z are calculated using error propagation.
Based on both observations and theoretical studies (Subramanian & Subramaniam 2012 and references therein), the old and intermediate-age stellar populations in the SMC are suggested to be distributed in a spheroidal/ellipsoidal system. Our sample of SMC RR Lyrae stars shows a smooth distribution on the sky. Thus we modelled the RR Lyrae stellar distribution as a triaxial ellipsoid. The parameters of the ellipsoid, such as the axes ratio, the position angle of the major axis of the ellipsoid projection on the sky (φ) and the inclination of the longest axis with respect to the sky plane (i) are estimated using a method of inertia tensor analysis similar to that described in Subramanian & Subramaniam (2012) (also refer to Pejcha & Stanek 2009; Paz et al. 2006) . The basic principle is to create an inertia tensor of the x, y, z coordinates and estimate the Eigen vectors and Eigen values. The Eigen vectors correspond to the spatial directions and the square roots of the Eigen values correspond to the axes ratio.
First, we applied the method to the (x,y) coordinates and found that the stars are located in an elongated distribution with an axes ratio of 1:1.12(±0.01) and the major axis has a position angle φ = 85
• .5±0
• .1. We repeated the procedure with (x,y,z) coordinates. The z values have a large scatter, owing to large uncertainty in distances, compared to good positional accuracy (0.02 ). As described in Pejcha & Stanek (2009) , to correct for this internal scatter in the z value, we subtracted the internal scatter of 0.07 mag from the z-component (see Section 4.2). We obtained axes ratio, φ and i values of 1:1.11(±0.01):3.30(±0.70), 84
• .6±0
• .2 and 2
• .1±0
• .6, respectively. The small inclination angle of the longest axis with respect to the sky plane suggests that the longest axis of the ellipsoidal distribution of the RR Lyrae stars is oriented nearly along the line-of-sight.
A compilation of structural parameters of the SMC ellipsoid from the RR Lyrae stars available in the literature is provided in Table 2 . In the majority of these studies the RR Lyrae stars from the OGLE III catalogue were used, while Jacyszyn-Dobrzeniecka et al. (2016) analysed RRab stars in the OGLE IV catalogue, which covers almost entirely the SMC. In the current study we used RR Lyrae variables observed by OGLE IV which also have counterparts in the VMC catalogue. Qualitatively all previous results indicate that the RR Lyrae stars in the SMC are distributed in an ellipsoid with the longest axis oriented almost along the lineof-sight. Our results also support these findings, but quantitatively there are some differences. This could be mainly owing to the difference in the spatial coverage of the data used in the various studies. Fig. 14 shows the distribution of RRab stars used in the this paper and RRab stars from the OGLE III and OGLE IV catalogues. OGLE IV covers a larger area than VMC and OGLE III, which are basically focused on the central regions of the SMC, where the majority of RR Lyrae stars are concentrated.
Effect of interaction of the Magellanic Clouds
Mutual interactions between the Magellanic Clouds and the resultant tidal stripping of material from the SMC are believed to be the most probable scenario for the formation of the MB (Diaz & Bekki 2012; Besla et al. 2012) . One of the challenges to this scenario is the lack of conclusive evidence for the presence of tidally stripped intermediateage/old stars in the MB. Nidever et al. (2013) identified a closer (distance, D ∼ 55 kpc) stellar structure in front of the main body of the eastern SMC, which is located 4
• from the SMC centre. These authors suggested that it is the tidally stripped stellar counterpart of the H I in the MB. Subramanian et al. (2017) also identified a foreground population (at ∼ 12 ± 2 kpc in front of the main body of the SMC), whose most likely explanation is tidal stripping from the SMC. Moreover, they identified the inner region (at ∼ 2 − 2.5 kpc from the centre) from where the signatures of interactions start becoming evident, thus, supporting the hypothesis that the MB was formed from tidally stripped material from the SMC. Both these studies were based on RC stars. Recently, Ripepi et al. (2017) found that the young (∼ 120 Myr) and old (∼ 220 Myr) Cepheids in the SMC have different geometric distributions. They also found closer Cepheids in the eastern regions which are off-centred in the direction of the LMC. They suggest that these results are owing to the tidal interaction between the Magellanic Clouds.
The RR Lyrae stars which are older (age ≥ 10 Gyr) than RC stars (age ∼ 2 -9 Gyr) and Cepheids (100 -300 Myr) are also expected to be affected by tidal interactions. The RR Lyrae stars are well identified and we have accurate distances to each individual star. The presence of tidal signatures in the oldest populations would provide strong constraints to theoretical models which explain the formation of the MS. Hence, we explore our data set in more detail.
In the present study we see a shift in the mean distance of the RR Lyrae stars in the eastern region compared to the western region. We also see that RR Lyrae stars in the eastern tiles have asymmetric distance distributions (Fig. 8) and that the mean distances of the eastern sub-regions are shorter (Fig. 12) . Fig. 15 presents the radial variation of the mean distance to the various sub-regions. Blue filled hexagons represent sub-regions in the eastern and red filled triangles represent sub-regions in the western parts of the SMC. The plot shows that the eastern sub-regions are located at shorter distances compared to the western subregions. Beyond 2
• in radius from the centre, the majority of the eastern sub-regions have shorter distances. This angular radius corresponds to a linear radius of ∼ 2.2 kpc from the SMC centre and is similar to the radius from where the signatures of interactions, in the form of bimodality in (2016) 1 : 1.10 : 2.13 Deb (2017) 1.000(±0. the distribution of RC stars, start to become evident (Subramanian et al. 2017) . We point out that the typical error associated with the mean distances of the sub-regions is ∼ 1 kpc (as shown in the top-right of the plot). Thus, our results indicate that the oldest stellar population in the eastern part of the SMC, in the direction of the MB, is affected by the interactions of the Magellanic Clouds, 200-300 Myr ago, which is believed to be mainly responsible for the formation of the MB.
However, in our present study using RR Lyrae stars, we do not see a clear bimodality found by Subramanian et al. (2017) in the RC distribution, where two peaks separated by ∼ 12 ± 2 kpc are observed in the eastern part of the SMC. While comparing our Fig. 8 with fig. 6 of Subramanian et al. (2017) , the discrepancy is very evident for tiles 6 5 and 5 6. This implies that RC stars and RR Lyrae stars are distributed in different structural components in the eastern part of the SMC and/or a different origin of the foreground RC population. Subramanian et al. (2017) results on the RC stars are based on only 13 VMC tiles covering the entire central part and some outer regions. We plan to address the discrepancy observed between RC and RR Lyrae stars distributions in the future based on the whole sample of SMC tiles observed by VMC. Recently, Belokurov et al. (2017) identified tidal tails around the LMC and the SMC using Gaia DR1 (Gaia Collaboration et al. 2016a,b) . They found that the SMC's outer stellar density contours show a characteristic S-shape which is a typical signature of tidal stripping seen in satellite galaxies. They also identified a trailing arm (motion of the SMC with respect to the LMC) from the SMC which extends towards the LMC. This stellar tidal tail contains candidate RR Lyrae stars off-set by ∼ 5 deg from the gaseous MB. Both the old and young MB components originate in the southeastern part of the SMC (∼ 6 deg east and 3 deg south from the SMC centre), where the authors claim see the trailing tail. Though our observed tiles do not cover the region where Belokurov et al. (2017) identified the SMC's trailing arm, the eastern and south-eastern regions where we see closer RR Lyrae stars are in the direction of the newly identified SMC's trailing arm.
The study of different stellar populations including RR Lyrae stars in the outer VMC tiles will be useful to confirm and eventually understand this newly identified tidal signature. According to the simulations, the line-of-sight velocities of the stellar debris from the SMC and the LMC are significantly different, hence, a detailed spectroscopic study of RR Lyrae stars and other distance indicators in the eastern regions of the SMC will also provide valuable information to understand the interaction history of the MS.
CONCLUSIONS
In this study we analysed the structure of the SMC for the first time using multi-epoch near-infrared photometry of RR Lyrae stars observed by the VMC survey. For this analysis 2997 RRab stars distributed in 27 VMC tiles with visual photometry and pulsation periods from the OGLE IV survey, were used. The well-sampled light curves in the Ks band obtained by VMC allowed us to derive accurate intensityaveraged magnitudes for each RR Lyrae star in the sample. Individual reddening values were calculated using the V and I magnitudes from the OGLE IV survey. We fit the P Ks relations of RR Lyrae stars in each tile, separately, and found a significant dispersion which is mostly owing to a depth effect.
To study the three-dimensional structure of the SMC we derived individual distances to the 2997 RR Lyrae stars in the sample by applying the near-infrared P MK s Z relation defined in Muraveva et al. (2015) to intensity-averaged Ks magnitudes from the VMC survey, periods from the OGLE IV catalogue and photometrically determined metallicities from Skowron et al. (2016) which we transformed to the metallicity scale defined by Gratton et al. (2004) . The RR Lyrae variables in the SMC are found to have a roughly spheroidal or ellipsoidal distribution. We modelled the distribution of the SMC RR Lyrae stars as a triaxial ellipsoid and found the values of the axes ratio, position angle of the major axis of the ellipsoid projected on the sky and inclination of the longest axis with respect to the sky plane using inertia tensor analysis. The parameters of the SMC structure are: axes ratio = 1:1.11(±0.01):3.30(±0.70), 84
• .6. The results obtained in this paper are generally consistent with previous studies. Existing discrepancies are mostly owing to differences in the area of the SMC covered by the different studies. The spatial distribution of the RR Lyrae stars in our sample does not show features typical of young stellar populations, such as a bar. However, from the two-dimensional distribution of the extinction at different distances we can see the bar-like feature and the star forming region in the eastern Wing of the SMC. From our analysis of the SMC structure we concluded that the eastern part of the SMC is located closer to us than the western part. In eastern regions, beyond 2 deg in radius from the centre, the majority of the sub-regions have shorter distances. The regions where we see a large number of closer RR Lyrae stars are in the direction of SMC's trailing arm newly identified with Gaia (Belokurov et al. 2017) . All these results indicate that the oldest stellar population in the eastern part of the SMC is affected by interactions of the two Magellanic Clouds, occurred about 200-300 Myr ago which are believed to be mainly responsible for the formation of the MB.
Further study of RR Lyrae stars in the MB and outer regions of the LMC and SMC using near-infrared photometry will provide valuable information to understand the interaction history of the MS. Table 3 . Properties of the 2997 RRab stars in the SMC analysed in the present paper: (1) VMC identification; (2) OGLE identification; (3) Number of the VMC tile; (4), (5) V and I magnitudes from the OGLE IV catalogue; (6) Pulsation period from OGLE IV; (7) Dereddened Ks magnitude; (8) Amplitude in Ks; (9) Reddening; (10) Metallicity from Skowron et al. (2016) transformed to the metallicity scale defined by Gratton et al. (2004) ; (11) The table is published in its entirety in the electronic version of the paper. A portion is shown here for guidance regarding its format and content.
